PURPOSE. The guinea pig is being used increasingly as a model of human myopia. As accommodation may influence the effects of manipulations used in experimental myopia models, understanding the accommodative ability of guinea pigs is important. Here, nonselective muscarinic agonists were used as pharmacological tools to study guinea pig accommodation.
T he guinea pig is being used increasingly as a model of human myopia, 1-3 yet its accommodative ability has not been well characterized. Accommodation remains of relevance to this field, given the widespread use of negative lenses to impose retinal defocus, by way of inducing myopia in animal models. As accommodation may modify the defocus experience of the retina, understanding the retinal image characteristics driving lens-induced myopia necessarily requires an understanding of the accommodative ability of an animal. To date, to our knowledge there has been no systematic evaluation of accommodation in the guinea pig.
The guinea pig is a diurnal, precocial mammal (i.e., well developed at birth). It is able to emmetropize, that is, adjust its ocular growth to eliminate neonatal refractive errors, in a manner similar to many other animals, including humans, 4 and it is susceptible to form deprivation and lens-induced experimental myopia. 1, 2 Interestingly, in a strain of wild-type guinea pigs with spontaneous myopia, attempts to elicit an accommodative response to a near fixation target were unsuccessful. 5 However, in another study, refractions measured with retinoscopy were reported to be more hyperopic when accommodation was inhibited with cyclopentolate, by an average of þ3.00 diopters (D), implying the presence of tonic accommodation. 4 Of other commonly used animal models for human myopia (chick, 6 monkey, 7 and tree shrew 8 ) young chicks have the most impressive accommodative ability, with amplitudes as high as 25 D reported. [9] [10] [11] This high amplitude reflects, in part, the recruitment of the cornea as well as the crystalline lens during accommodation; specifically, when the ciliary muscle contracts, corneal steepening accompanies the increased curvature of both surfaces of the crystalline lens. The pharmacology of avian accommodation also is different because the ciliary muscle is comprised of striated instead of smooth muscle, with nicotinic receptors instead of muscarinic receptors (mAChRs), as found on smooth muscle. 10, 12 Not all mammals exhibit accommodation. Among the exceptions is the gray squirrel, which shows no change in refraction in response to muscarinic agonists. 13 This contrasts with the increases in accommodation found in response to muscarinic agonists in most mammals, including humans. 7, 14 Nonetheless, squirrels are susceptible to experimental form deprivation myopia. 13 Mice, which have been used in some more recent experimental myopia 15 and related genetic [16] [17] [18] [19] [20] studies, also appear to be without accommodation. 21 That guinea pigs belong to the rodent family further argues for a study of the type reported here, which is aimed at providing a better understanding of the functional capability of one rodent used as a myopia model.
The guinea pig iris and ciliary body have been shown to contain muscarinic receptors, similar to those of other mammals and primates. [22] [23] [24] In the current study, pilocarpine and carbachol, which are nonselective muscarinic receptor agonists, were used to look for evidence of accommodation in the guinea pig, in vivo and in vitro. Drug-induced changes in anterior ocular segment structures, including pupil size, were evaluated and changes in refractions were measured as a proxy for accommodative changes. Immunohistochemistry was used to confirm the presence and evaluate the subtypes of muscarinic receptors on the ciliary body and iris.
METHODS
This study used 15 pigmented guinea pigs (Cavia porcellus), ranging in age from 2 to 16 months. Three of the animals were used for histological and immunohistochemical studies of the anterior segment. Details of the experiments, including the age of animals at testing, are summarized in Table 1 . Protocols were approved by the University of California, Berkeley Animal Care and Use Committee and conformed to the ARVO statement for the Use of Animals in Ophthalmic and Vision Research.
In Vivo Pilocarpine-Induced Accommodation
To study accommodation in vivo, measurements were made on one eye of each animal, which underwent up to four recording sessions, separated by at least one week. Measurements included refraction, high frequency A-scan ultrasonography, anterior segment optical coherence tomography (OCT) imaging, and corneal topography; the protocols for which are described below. Only one type of measurement was done in each session. In all cases, animals were first anesthetized with ketamine (30 mg/mL) and xylazine (3 mg/mL), and the test eye held open with a lid speculum. Topical 2% pilocarpine (Alcon, Ft. Worth, TX, USA), a nonselective muscarinic agonist, was used to stimulate accommodation. For all measurements, the same dosing regimen was used, comprising 2 drops applied every 4 minutes for a total of 6 drops, and preceded by baseline measurements. Additional measurements were taken over a 20-minute period following the instillation of the drops. Guinea pigs were wrapped in a blanket over this period and placed on a heating pad immediately afterward to maintain body temperature until fully recovered from anesthesia. The corneas were irrigated frequently with a saline solution to maintain clarity.
Refraction. A Hartinger Coincidence Refractometer (Carl Zeiss Meditec, Jena, Germany) was used to measure the refractive errors of anesthetized animals, which were positioned on a custom-designed stage in front of the instrument. The optical axis of the eye was aligned with that of the instrument. Measurements were made before (baseline), during, and after completion of the pilocarpine treatment regimen, at 2-minute intervals out to 20 minutes. Differences between baseline refractive errors and subsequent readings were taken to represent accommodative responses.
High-Frequency A-Scan Ultrasonography. Axial ocular dimensions, including anterior chamber depth (ACD) and lens thickness (LT), were measured using this technique, which has been described in detail previously. 3, 25 In brief, the anesthetized animal was positioned prone on a custom-designed stage. The ultrasound probe was brought into contact with ultrasound gel on the cornea and aligned with the optical axis of the eye with the aid of an x-y-z micromanipulator attached to the probe. The position of the eye was monitored continuously to ensure it remained appropriately aligned over the course of measurements. Rather than removing the probe to allow the instillation of pilocarpine, drops were applied to the peripheral cornea by use of a cannula. Measurements were made at intervals of 2 minutes, with approximately 15 traces captured each time. Reported results represent the average of at least 10 traces for each time point.
Anterior Segment OCT Imaging. Pupil size and ACD data were collected using a noncontact OCT imaging system (Visante, Carl Zeiss Meditec, Inc., Dublin, CA, USA). For imaging, anesthetized animals were placed on a customdesigned stage to facilitate ocular alignment. After baseline imaging, pilocarpine dosing was started and the treated eye imaged at 1-minute intervals over the next 20 minutes. Calipers built into the Visante instrument software were used to measure pupil size and ACD, as indices of pilocarpine-induced changes. Attempts were made also to quantify ciliary body shape changes, as published previously in humans. 26, 27 However, since the boundary of the ciliary body could not be identified consistently in the OCT images, this type of analysis was not considered further. Corneal Topography. Corneal curvature data were captured using a corneal topographer (WavefrontSG; Topcon Medical Systems, Inc., Oakland, NJ, USA) in anesthetized animals, which were hand-held in front of the instrument and aligned with the instrument's optics. In addition to baseline measurements, data were collected every 2 minutes. At each time-point, three to five measurements were recorded and averaged to determine corneal power. Corneal power was derived from the algorithm built into the instrument, corresponding to an approximate 4.5 mm diameter central corneal zone. While this instrument was designed for human eyes, the index of refraction of the guinea pig cornea is thought to be similar to humans, and, thus, no correction to the raw data was undertaken. 4
In Vitro Carbachol-Induced Accommodation
This in vitro experiment made use of a ScanTox (ver. 2.0.154; XTOX Scientific, Neoean, Ontario, Canada), a scanning laser system specifically designed for this purpose. 6 In brief, the instrument comprises a chamber for mounting an anterior ocular segment through which a low-power helium-neon laser beam is directed. A computer-controlled stepper motor is linked to the laser, allowing the position of the laser beam to be moved, stepwise, in a radial direction away from the optic axis to the limit imposed by the pupil boundary. A video camera captured images of the laser's path through the mounted preparation, from which points of intersection of the rays with the optical axis were identified and averaged to determine the back vertex distance (BVD) using this system's software. The step size was set to capture approximately 20 to 25 beam paths within the pupil (0.1-0.16 mm step size). Pupil size was derived from the number of beams passing through the lens and step size setting.
Enucleated eyes from 4 guinea pigs sacrificed with a lethal dose of sodium pentobarbital (Euthasol; Virbac Animal Health, Ft. Worth, TX, USA) were used in this part of the study. One eye from each animal was bisected at the equator, posterior to the ciliary processes to isolate the anterior segment, which then was placed on a Sylgard washer with the cornea facing down and sclera pinned in place. The mounted anterior segment was transferred to the silicone base plate of the ScanTox chamber, which then was filled with 20 mL oxygenated Tyrode's solution with 5% fetal bovine serum (FBS) added to allow visualization of the laser beam passing through the chamber. Baseline scans were captured from all four preparations and two of these preparations were rescanned 20 minutes after replacement of the Tyrode's solution with an equivalent solution containing 10 mM carbachol. Carbachol was chosen over pilocarpine for this study because of its longer duration of action. Both drugs are nonselective muscarinic agonists, although carbachol also shows additional nicotinic agonist activity. 28 Because the refracting power of the cornea is neutralized by the bathing solution, observed refraction changes reflect lens changes only.
Anterior Segment Histology and Immunohistochemistry
Three guinea pigs were sacrificed for histology. Following euthanasia via intracardiac injection of sodium pentobarbital, the eyes of one guinea pig were enucleated and fixed overnight at 48C in a solution of 4% paraformaldehyde and 3% sucrose, then cryoprotected in 20% sucrose at 48C for 6 hours, before being embedded in a 1:1 solution of OCT and 20% sucrose.
They then were snap frozen with liquid nitrogen. Cryostat sections (8 lm) of the anterior segment were cut at À208. Commercial immunofluorescent assay kits for AChMs, subtypes 1, 2, 3, 4, and 5 (IFA muscarinic receptor kits; Research & Diagnostic Antibodies, Benicia, CA, USA) were used to label muscarinic receptors. Nuclei were counterstained with 4 0 , 6diamindino-2-phenylinole (DAPI). Images of ciliary muscle, iris and peripheral retina were captured as z-stacks through appropriate filters for DAPI and FITC fluorescence; z-stacks were later deconvolved and shown as a projection using a DeltaVision Spectris deconvolution microscope (Applied Precision, Issequah, WA, USA). Two controls were used to evaluate the specificity of the immunostaining. First, to evaluate autofluorescence, an unstained section was viewed with the wavelength used to excite FITC, and the same exposure and intensity as used to view stained sections. Secondly, for each receptor subtype, control sections were prepared by first incubating the primary antibody with a synthetic muscarinic receptor of matching subtype, and then incubating the sections in the primary antibody/synthetic receptor solution. For each subtype and each tissue, control sections were compared to experimental sections using matched exposure and intensity. Equivalent sections were compared and the intensity of fluorescence given a subjective rating on a scale of 1 to 3.
To characterize the ciliary muscle architecture, the enucleated fixed eyes of another guinea pig were paraffin-embedded, and prepared sections processed for hematoxylin and eosin (H&E) staining and then imaged. In addition, a third eye was bisected at the equator and the posterior view of the anterior segments photographed through a surgical microscope (Stereomicroscope SZX16A; Olympus, Center Valley, PA, USA) to better visualize the gross morphology of the ciliary processes and attached zonular fibers.
RESULTS

In Vivo Pilocarpine-Induced Accommodation
In all animals (n ¼ 5, aged 3-6 months), pilocarpine induced a relative myopic shift in refractive error, confirming that guinea pigs do have accommodation. Baseline refractions for these guinea pigs, measured with the Hartinger Refractometer, were þ1.7 6 0.76 D. Accommodative amplitude, estimated as the maximum difference in refractive errors measured before and 
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after the instillation of pilocarpine ( Fig. 1 ), averaged 5.65 6 2.0 D, with individual animals reaching their maximum values between 4 and 14 minutes after instillation of the first drops. Consistent with the above refraction results, biometry data collected using A-scan ultrasonography revealed drug-induced changes in anterior segment dimensions. In response to topical pilocarpine, there was a transient increase in LT coupled to a decrease in ACD. The ACD decreased from a baseline average of 1.30 6 0.12 mm to a minimum of 1.28 6 0.12 mm (À1.54%) 8 minutes after the instillation of the first drops of pilocarpine. These changes in ACD had reversed by the end of the monitoring period (1.32 6 0.12 mm, t ¼ 20 minutes, Fig. 2B ). The decrease in ACD was quite small (mean, 0.02 mm at t ¼ 8 minutes), but was highly significant (P < 0.005, paired t-test).
The changes in LT also were small and in the opposite direction to those in the ACD, with a similar time frame. The LT increased from a baseline average of 4.19 6 0.40 to 4.20 6 0.41 mm after 8 minutes (þ0.24%), before returning to baseline dimensions (4.19 6 55 mm at t ¼ 20 minutes, Fig. 2C ). Compared to changes in ACD, the mean increase in LT was smaller (0.01 mm, reached after 8 minutes) and did not achieve statistical significance (P ¼ 0.19). The distance between the cornea and posterior surface of the lens did not significantly change over the 20-minute monitoring period (mean change, 0.003 6 0.014 mm, P ¼ 0.59), implying that the ACD changes were at least partly a byproduct of LT changes. Note that no age-related differences in accommodation were detected, perhaps reflecting our small sample size, although age-related differences in baseline ocular dimensions were documented. Specifically, ACD and LT increased slightly with age from 2 to 16 months (n ¼ 6, Fig. 2A ).
Anterior segment OCT imaging confirmed the above finding of a decrease in ACD with pilocarpine and allowed quantification of pilocarpine-induced pupil meiosis, which also was apparent on casual inspection (n ¼ 8). The ACD decreased from a baseline value of 1.12 6 0.11 to 1.07 6 0.12 mm after 20 minutes. This 0.05-mm change represents a decrease to 95.5% of the baseline value (Figs. 3, 4A ). The change measured with OCT imaging was larger and more sustained than observed with ultrasonography. Reduced pilocarpine transfer across the cornea due to the continuous presence of ultrasound gel on the cornea during the latter measurements offers a potential explanation for this difference. Pupil size decreased to approximately 63% of the baseline value over the same time period, from 4.03 6 0.50 to 2.54 6 0.14 mm (Fig.  4B ). The changes in ACD and pupil size showed an approximately linear relation (r 2 ¼ 0.44, P ¼ 0.11, Fig. 4C ), consistent with their similar temporal profiles. Only one animal, which also was the oldest (16 months), demonstrated a decrease in pupil size without any change in ACD.
Corneal curvature, as assessed by corneal topography, was not altered significantly by pilocarpine (n ¼ 6); corneal powers measured at baseline and 20 minutes after instillation of the first drops averaged 83.7 6 7.9 and 84.8 6 7.6 D, respectively (mean change, 1.1 D; P ¼ 0.12, paired t-test). Thus, the cornea does not appear to contribute to accommodation in the guinea pig.
In Vitro Carbachol-Induced Accommodation
This in vitro lens scanning experiment was aimed at providing direct information about the contribution to lenticular shape changes in the guinea pig. In addition, it provides information about the optical quality of its crystalline lens. The lens scanning preparation is shown in Figure 5A . All lenses exhibited negative spherical aberration (SA) as reflected in respective positions of the planes of focus of paraxial and peripheral rays (Fig. 5B) , the latter being 1.5 6 0.7 mm beyond the former on average. The mean baseline lens BVD for the four eyes tested was 8.25 6 0.24 mm, based on all rays falling within the natural pupil, which had an average diameter of 3.88 6 0.7 mm.
For the two preparations scanned before and during incubation in 10 mM carbachol, pupil size decreased from 4.4 and 3.4 mm to 1.7 and 1.2 mm, respectively. The BVDs decreased from baseline values of 8.51 and 8.34 mm to 7.95 and 7.95 mm, respectively, when all rays falling within the 
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Anterior Segment Histology and Immunohistochemistry
Morphologically, the ciliary body was found to have welldeveloped ciliary processes of variable lengths with distinct ciliary ridges extended toward, but not making contact with, the equatorial edge of the lens (Fig. 6A) . The ciliary processes also are clearly visible in histological sections, in which the ciliary muscle within the ciliary body also is visible (Fig. 6B ). Low magnification images in Figure 7 indicate the locations of ciliary muscle and iris sphincter muscle imaging of immunolabeled structures in Figure 8 . Immunohistochemistry demonstrated that all five mAChR subtypes tested (1) (2) (3) (4) (5) are present in the iris and ciliary muscle, as well as in the retina, which is included for comparative purposes. As shown in Figure 8 , staining for each receptor subtype is present in all three tissues. Ciliary muscle images were captured from the longitudinal muscle, and iris images from the pupillary margin. Results for control conditions rule out the possibility of nonspecific staining and autofluorescence as alternative explanations. Specifically, control sections washed in a solution of primary antibody/synthetic receptor showed significantly less fluorescence for all receptor subtypes and all tissues examined, and unstained ciliary body sections showed minimal autofluorescence. Qualitative estimates of the relative intensity of labeling in experimental sections compared to the control sections are provided in 
DISCUSSION
Reports that cycloplegia in guinea pigs results in hyperopic shifts in refractive errors 1 imply that they can accommodate. The results from in vivo pharmacological experiments reported here confirmed accommodative activity in the guinea pig. The baseline data collected in this study also provided a perspective on developmental changes in the anterior segment in the guinea pig eye. In humans and nonhuman primates, accommodation is attributable largely to changes in the shape of the crystalline lens, initiated by contraction of the ciliary muscle, which releases tension on zonular fibers, thereby allowing the lens to thicken, its surfaces to steepen, and its dioptric power to increase. In addition to these lens shape changes, the anterior chamber becomes shallower. A similar decrease in ACD was observed in our guinea pigs following pilocarpine instillation, as evident in A-scan ultrasonography and anterior segment OCT imaging data. However, minimal lens thickening was observed by A-scan ultrasonography in vivo, following pilocarpine instillation, and in vitro testing yielded no evidence of lens curvature changes in response to carbachol. We also found no evidence of drug-induced corneal curvature changes in the guinea pig, although significant corneal steepening during accommodation has been reported in chicks and some other avian species, 12, 29 and there have been isolated reports of corneal accommodation in humans. 30, 31 Taken together, the above observations suggested translational and deformational contributions to accommodation in the guinea pig. In support of the former, a significant decrease in ACD was found. Lens shape changes during accommodation cannot be ruled out, given that some animals also showed increases in LT in response to applied pilocarpine. This observation, along with the finding that the position of the posterior lens surface did not change during accommodation, even though the ACD decreased, implies lens thickening and, thus, a shape change.
Some caution is warranted in interpreting the data reported here. First, it should be noted that repeated dosing with pilocarpine in vivo and a high concentration of carbachol in vitro were required to elicit the above accommodative changes, suggesting that the ciliary muscle in the guinea pig is relatively underdeveloped in comparison with that of monkeys and humans. 14, 32 Second, there was significant variability in our in vivo data with respect to the changes in ACD and LT. In relation to the latter, two animals demonstrated a decrease in LT, while four animals demonstrated an increase. The very small size of the induced changes combined with the steep profile of the posterior lens surface of the guinea pig eye likely contributed to the variability; thus, even with the high resolution of the techniques used for measurements, any small amount of misalignment would have contributed significant noise. Increasing the number of animals tested may have helped to decrease the variability in the data, but is not expected to have altered the experimental outcome. It also is possible that lens shape, that is, deformational, changes are an age-dependent feature of guinea pig accommodation; further studies with an increased number of animals spanning the ages already studied are warranted to address this possibility.
There is some debate as to whether the lens as a whole undergoes an anterior translational movement during accommodation in humans and monkeys. A study in children found anterior translational movements of anterior and posterior lens surfaces during accommodation of hyperopes. 33 However, other studies in humans suggest that the posterior lens surface moves posteriorly, not anteriorly, during accommodation. 34, 35 Evaluating the posterior lens surface using optical methods can be influenced by a change in refractive index of the lens with accommodation. 36 While some of our data fit with a lens translational model for accommodation in the guinea pig, as noted above, we also cannot rule out a deformational change in the lens, presumably involving an increase in anterior lens surface curvature. Nonetheless, the results of our in vitro experiments imply that any such deformational changes are very small, if present.
In comparing results from our in vivo and in vitro experiments, it is important to recognize that the lens scanning technique applied in the latter makes use of isolated anterior segment preparations and it is possible to detect only lens curvature-related changes. The removal of the posterior vitreous chamber and associated structures eliminates any potential contribution to accommodation from such structures. Furthermore, as the globe is no longer intact, by default any potential for the anterior vitreous to exert pressure on the lens-ciliary body complex and so to contribute to lens translation is eliminated. 37 This lens scanning technique has been used successfully to document robust LT and curvature changes with nicotine in preparations from chicken eyes. 12 Related studies also revealed a role for the iris in accommodation in the chicken; when the iris was removed before testing, the lens lost its ability to undergo deformational changes. Given that we saw no evidence of lens shape changes, we had no reason to undertake further testing of iridectomized preparations. However, as in our previous studies involving chicks, we observed robust pupil constriction in the guinea pig preparations. This response provided a readily accessible index of tissue viability. It also has important optical implications as discussed further below.
Our in vitro studies revealed significant negative spherical aberration in the guinea pig lens, with the pupil having an important modulating influence. Specifically, by eliminating more peripheral rays, pupil constriction led to an apparent reduction in negative spherical aberration, with the net effect of moving the mean posterior focal plane toward the lens. The implications of such a change for the intact eye would be an apparent myopic shift in refractive error or ''pseudo-accommodation.'' This pupillary effect could have functional benefits for the guinea pig, whose true accommodative ability appears to be modest, at best, although a study of awake behaving guinea pigs is required to test this notion. As an aside, pupil size changes can be ruled out as the explanation for pilocarpine-induced changes in refraction observed in vivo, because of the fixed pupil area sampled in the autorefraction technique used to collect these data.
Our conclusion that guinea pigs can accommodate contrasts with the suggestions that the mouse, another rodent, has no accommodation. 21 In both cases, and as typical of rodent eyes, they have very thick lenses relative to their ocular length, with more steeply curved posterior surfaces relative to human and nonhuman primate lenses. 38 Thus, rodent lenses can be expected to require more force to stretch and compress. On the other hand, these high-powered lenses only need to undergo small changes in position to effect significant ocular dioptric power changes. This is exemplified by our in vivo data showing approximately 5 D changes in refraction, for 0.02-to 0.05-mm change in ACD. As a potential explanation for the apparent lack of accommodation in mice, it is possible that the combination of a very thick lens and a very small eye precludes lens movement; the large depth of focus afforded by its small eye and very poor visual resolution also reduce the need for accommodation.
In evolutionary terms, the guinea pig, being a member of the rodent family, would not be expected to possess a large accommodative amplitude. However, unlike many other animals in the rodent family, they are considered diurnal animals, although they show no clear circadian heart rate rhythmicity, 39 and they can be active both during the day and night. The relatively modest accommodation ability (~5 D amplitude) of the guinea pig is consistent with their visual needs, taking into consideration their foraging habits, and the additional finding that the lower visual field in guinea pigs is relatively myopic compared to the superior visual field by approximately 5 D. 40 This refractive error gradient would serve to complement any active accommodation in bringing into focus nearby objects on the ground, as will any near-associated pupillary constriction, for reasons outlined above.
Over the age range of the guinea pigs used in this study (2 to 16 months), we did not detect any age-related decline in accommodation, although biometric data confirmed agerelated increases in baseline ACD and LT. However, as noted above, our sample size is small. Nonetheless, this result also is not surprising, given that presbyopia, as documented in humans 14 and nonhuman primates, 41 is, at least in part, due to increases in stiffness of the crystalline lens. [42] [43] [44] While significant age-related stiffening also has been described for many mammals, including the mouse 21 and pig, 45 such changes are expected to have less impact on the accommodation ability of an animal in which lens translation dominates over shape changes, which we suggest is the case for the guinea pig.
In vitro lens scanning experiments revealed a strong meiotic response to carbachol, which also was observed in vivo with pilocarpine. These results, together with the pilocarpine-induced decrease in ACD, provide indirect evidence for the presence of muscarinic receptors on the iris sphincter and ciliary muscles of guinea pigs. In humans, all five muscarinic AChR subtypes (M1-5) have been found in the ciliary body and iris, with the M3 receptor being the 
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IOVS j August 2014 j Vol. 55 j No. 8 j 5463 predominant subtype. [46] [47] [48] All five mAChR subtypes also have been found in the tree shrew iris and ciliary body. 49 In an already published study in guinea pig, all five mAChR subtypes were reported to be present in the iris-ciliary body complex, based on results from RT-PCR and Western blotting, for which M3 receptors produced the most intense immunoreactive band. 22 Our immunohistochemistry results for M1 to M5 receptors are consistent with the latter report, and also in more general terms, with pupil and accommodation data reported here.
As an independent test of the specificity of our antibodies, retinal tissue also was processed for immunohistochemistry. All five subtypes of muscarinic receptors (M1-5) were found in retinal sections, although they varied in their distribution patterns, as documented in Table 2 . Similar results have been reported for rabbits and tree shrews. In rabbits, all five muscarinic receptor subtypes were shown to be present in the retina, with a predominance of M3 staining in the outer plexiform (OPL) and inner nuclear (INL) layers, as well as M2 and M5 in bipolar cells, and a broad distribution of all subtypes through the inner retina. 50 In tree shrew, M1 were found to be present in the OPL and IPL, M2 in the photoreceptor outer segments, OPL, IPL, and NFL, and M3 in the OPL and NFL, with processes extending to IPL. 49 These data also are of relevance to studies investigating the antimyopia actions of antimuscarinic drugs, in that they offer insight into potential sites of action and confounding ocular side-effects.
As a final aside, it should be noted that the pupillary light reflex and, thus, pupil size may be affected by the ketamine/ xylazine anesthesia protocol used in the current study. 51 However, it is unlikely that it affected the pupillary responses recorded in vivo. First, at doses up to 40 mg/kg ketamine and 17 mg/kg xylazine, studies in mice showed that pupil size and the pupillary light reflex were unaffected. [52] [53] [54] Second, the reported pupil size changes reflect direct interactions between the applied drug and receptors on the sphincter muscle, and, thus, are not dependent on the functional state of the pupillary light reflex pathway.
In conclusion, we found changes in refraction, ACD and pupil size in response to muscarinic agonist drugs, consistent with the presence of muscarinic receptors on the iris and ciliary body musculature of the guinea pig eye and ocular accommodation, which appears to be a product of a translational movement and a deformational change of the crystalline lens. While the guinea pig's accommodation ability is only modest, nonetheless, the potential for its accommodation to modulate the retinal defocus experience of young guinea pigs wearing myopia-inducing negative lenses cannot be ignored. 
